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Abstract 
Regularities of deuterium trapping into zirconium with the oxidized surface layer under irradiation by deuterium atoms with 
thermal energies were studied. Desorption of deuterium atoms trapped into the sample irradiated by D-atoms in D2 gaseous 
ambience increased by more than 2 times in comparison with the one exposed to D2 molecules. Addition of gaseous oxygen to 
the operating gas during atomic irradiation intensified significantly the deuterium accumulation in zirconium due to the increase 
of energetic yield of the surface processes that lead to trapping. During the cooling of zirconium sample after atomic irradiation 
in deuterium-oxygen gas mixture the surface states Zr-D(ɇ) were being created. Up to 75% of these states were formed with 
participation of deuterium atoms from gaseous ambience, the rest of them involved hydrogen isotopes from the subsurface area. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
Physics Institute)  
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1. Introduction 
Zirconium-based alloys are used as materials for the most important components of pressurized water reactor 
(PWR) active cores. During the reactor operation both radiolytic hydrogen and hydrogen of water molecules are 
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being trapped into zirconium. Hydrogen accumulation in zirconium restricts the operation time of reactor as well as 
fuel burnup (e.g., Cox (1990)). Thereby the processes of interaction of hydrogen atoms and hydrogen-containing 
molecules with the oxidized zirconium surface are actively investigated (e.g., by Peterson et al. (1985), Axelsson et 
al. (1986), Asbury et al. (1987), Takagi et al. (2011), Evsin et al. (2015) and others). 
It is known that atomic particle irradiation influences mechanisms and intensity of surface reaction proceedings 
due to the potential energy of interaction of these particles with the surface. Begrambekov et al. (2015) gave the 
scheme of reactions occurring on the oxidized surface of stainless steel being activated by deuterium atom 
irradiation in the presence of O2 molecules. The evidence of atomic irradiation influence on surface processes on 
zirconium oxide was published by Axelsson et al. (1986). The authors observed the reduction of a zirconium oxide 
surface layer at the temperature of 1100 K occurring under irradiation by D-atoms with thermal energies and 
accompanying by desorption of deuterium water. 
However, it should be admitted that the mechanisms regulating the hydrogen exchange between zirconium and 
the ambience and especially those which include atomic particle irradiation are still poorly understood. 
In this work Thermal Desorption Spectrometry (TDS) was used to investigate the influence of irradiation by 
deuterium atoms with thermal energies on the regularities of deuterium trapping into zirconium with the oxide layer 
on the surface. 
2. Experimental procedure 
The investigated samples were the segments ~7×7×1 mm of tubes made of zirconium alloy E110 (Zr-1%Nb) 
preliminary rinsed in the ultrasonic ethanol bath. All the experiments were conducted in the “MIKMA” device 
described by Airapetov et al. (2011). “MIKMA” is the automated device for sample irradiation by atoms, ion beam, 
ions and electrons of gas discharge and for a TDS analysis. 
The exposure of the samples to gases was carried out in a TDS chamber of the facility. The operating gas was the 
mixture D2+(0÷30)%O2, the deuterium pressure was equal to 1.2×10-1 Pa. 
Irradiation of the samples by deuterium atoms with thermal energies was performed in an atomic irradiation 
chamber of “MIKMA”. Deuterium atoms were generated by the device which is able to produce an atomic flux with 
controlled intensity. The operating gas was the same as in the experiments without irradiation described above; a 
flux of deuterium atoms was estimated as being §1×1015 cm-2s-1, the estimated fluence was §1.1×1019 cm-2. 
Duration of all the experiments and the sample temperature were 3 h and 600 K, respectively. 
Residual gas pressure in a TDS chamber during a TDS analysis was 7×10-6 Pa, the sample was being heated at a 
linear rate of 5 K/s. The signals of H2, HD, D2, H2O, HDO and D2O were measured during the analysis. Desorption 
of other hydrogen-containing or deuterium containing molecules was negligible. 
3. Results 
 
Fig. 1. TDS spectra of HD (a) and HDO (b) from the E110 sample after exposure (T=600 K, t=3 h) to the deuterium-oxygen gas mixture at the 
oxygen partial pressure of 1.2×10-2 Pa (ż), 3.6×10-2 Pa (Ɣ). 
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Exposure of zirconium to the deuterium-oxygen gas mixture at the temperature of 600 K during 3 h led to 
deuterium trapping into zirconium. The TDS spectrum of HD (Fig. 1a) included maxima at the temperatures of 1300 
K and 1050 K, signal of D2 molecules in the desorption flux was negligible. Total desorption of trapped deuterium 
atoms was hardly dependent on the oxygen partial pressure in operating gas and was equal to §2×1016 cm-2. At the 
same time with the increase of oxygen partial pressure the fraction of deuterium atoms desorbed from zirconium as a 
part of HDO molecules increased (Fig. 1b). 
Irradiation by deuterium atoms with thermal energies enhanced deuterium trapping in comparison with that of 
gas exposure at the same parameters. At the same time the shape of TDS spectra remained unchanged. With the 
increase of oxygen partial pressure in the operating gas, deuterium trapping into zirconium increased drastically 
(Fig. 2). 
 
 
Fig. 2.  Deuterium desorption from the E110 sample after irradiation by deuterium atoms (fluence 1.1×1019 cm-2) and after gas exposure in 
dependence on the oxygen partial pressure. 
Irradiation of the samples by deuterium atoms in the deuterium-oxygen gas mixture led to the appearance of low-
temperature maximum at the temperatures of 450-500 K in TDS spectra of HD and D2 (Fig. 3). If at the end of the 
experiment the atomizer and the sample heater were turned off before stopping the gases inlet, the deuterium 
desorption in the temperature range of 400-600 K was equal to (2÷4)×1015 cm-2 and desorption of hydrogen was 
(4÷7)×1014 cm-2. If the gas inlet was stopped prior the other actions, the deuterium desorption in the temperature 
range of 400-600 K was equal to 1×1015 cm-2, desorption of hydrogen atoms in this range was 2×1014 cm-2. 
 
 
Fig. 3. TDS spectra of HD (a) and D2 (b) from the E110 sample after irradiation by deuterium atoms (fluence 1.1×1019 cm-2) if at the end of the 
experiment the atomizer and the sample heater were turned off at first and after that inlet of gases was stopped: the oxygen partial pressure was 
0.6×10-2 Pa (Ŷ), 1.2×10-2 Pa (ż); if the procedure was the reverse: the oxygen partial pressure was 1.2×10-2 Pa (Ƒ), 3.6×10-2 Pa (Ɣ). 
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4. Discussion 
On the basis of TDS measurements of hydrogen dissolved in zirconium (published by Peterson et al. (1985), 
Asbury et al. (1987)) and zirconium oxide (published by Park et al. (1991)) the following interpretation of the shape 
of hydrogen TDS spectra could be given. The main maximum of spectra at the temperature of 1300 K testifies to 
desorption of hydrogen retained in the bulk of zirconium. Maxima at the temperatures of 1050 K and 1170 K 
correspond to desorption from trapping centers in the volume of the oxide layer, small peak at the temperatures of 
450-500 K – to desorption of hydrogen being a part of the surface states. The described interpretation was used in 
the analysis of the results of this work. 
According to Nakatsuji et al. (1994), trapping of deuterium atoms into zirconium during exposure to the 
deuterium-oxygen gas mixture occurs by means of dissociative adsorption of a heterolytic type with subsequent 
formation of chemical bonds (Fig. 4a). 
 
 
Fig. 4. (a) dissociation of D2 molecule on the surface of zirconium oxide and formation of chemical bonds; (b) recovery of Zr-O bond with 
transition of D-atom to the inferior layer  (dotted line – bond with O-atom of inferior layer). 
Nakatsuji et al. (1994) mentioned that the Zr-D(H) bond is weaker than the O-D(H) bond. It allows us to assume 
that the maximum of TDS spectrum at the temperatures of 450-500 K testifies to desorption of hydrogen isotopes 
from the surface states of Zr-D(H) while atoms of hydrogen isotopes being in the surface hydroxyl groups desorb at 
the higher temperatures. The absence of peaks in TDS spectra of HDO at the temperatures lower than 600 K (Fig. 1) 
indirectly confirms the validity of the assumption. It follows that at the sample temperature of T=600 K the lifetime 
of deuterium atom in Zr-D is to be much lesser than in O-D. As a result, the surface is to be enriched by dangling 
bonds Zr- which may recover the Zr-O bond with transition of D-atom to the inferior layer (Fig. 4b). Estimations 
have shown that participation of the dangling bond Zr- in the process of dissociation of D2 with subsequent trapping 
of D-atoms does not lead to the emergence of thermodynamically favorable conditions of this reaction and therefore 
does not intensify the deuterium accumulation. 
Fig. 2 illustrates that atomic irradiation in D2 ambience led to the growth of deuterium trapping in comparison 
with that of gas exposure. One can believe that this phenomenon was caused by an increase of the amount of OD-
groups and dangling bonds Zr- on the surface due to greater energetic yield of their creation under atomic irradiation 
as in this case the energy cost for D2 dissociation is not needed.  
As it is presented in Fig. 2 deuterium trapping under atomic irradiation grew drastically with the growth of 
oxygen pressure in the mixture. This could be explained by the changes in thermodynamics of the surface processes 
occurred under irradiation by deuterium atoms in the presence of O2 in the operating gas in comparison with the 
processes discussed above. When the surface was irradiated by deuterium atoms in the deuterium-oxygen gas 
mixture the amount of dangling bonds O- was to grow due to exothermic oxidation by oxygen molecules with 
participation of dangling bonds Zr- (Fig.5a). Thus, on the one hand the increase of deuterium trapping could be 
provided by adsorption of D-atoms on the dangling bonds O-. On the other hand it could be caused by surface 
dissociation of D2 with subsequent trapping of D-atoms occurred with participation of dangling bond O-. Conditions 
of the latter process are more thermodynamically favorable than of the process with participation of the dangling 
bond Zr-. Possible paths of the reaction include the ones where deuterium atom occupies Zr-D state (Fig. 5b). 
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Fig. 5. (a) surface oxidation by O2 molecule with participation of the dangling bond Zr- formed as a result of atomic irradiation; (b) dissociation 
of D2 molecule on the surface of zirconium oxide with participation of the dangling bond O-. 
The presence of low-temperature (450-500 K) maximum in TDS spectra of HD and D2 obtained after atomic 
irradiation of the sample in the deuterium-oxygen gas mixture at the temperature of 600 K (Fig. 3) means that 
hydrogen isotopes have formed the surface bonds Zr-D(H) after turning off the atomizer and the sample heater (it 
was done simultaneously) at the end of the experiment. Identical experiments with different order of stopping the 
gas inlet and of turning off the atomizer and the sample heater at the end of the experiment showed the following. If 
at first the atomizer and the sample heater was turned off, up to 75% of surface sites Zr- were occupied by hydrogen 
isotopes from the gaseous phase in accordance with the scheme presented in Fig. 5b. The rest of the discussed sites 
were occupied by hydrogen isotopes from the solid-state phase. Prevalence of deuterium over hydrogen in the latter 
fraction was likely caused by the overwhelming prevalence of deuterium atoms over hydrogen ones in subsurface 
area. 
5. Conclusions 
In this work the regularities of deuterium trapping into zirconium occurring by means of reactions on the 
oxidized zirconium surface were investigated. The following conclusions could be made. 
• Total desorption of deuterium trapped into zirconium during exposure to the deuterium-oxygen gas mixture at the 
temperature of 600 K for 3 h was hardly dependent on the oxygen partial pressure but at the same time the 
fraction of deuterium atoms desorbing as a part of HDO molecules increased with the growth of oxygen pressure. 
• Desorption of deuterium atoms trapped during irradiation of zirconium by D-atoms with thermal energies in the 
deuterium gaseous ambience at the temperature of 600 K for 3 h was 2 times greater than the corresponding value 
for gas exposure conducted at the same temperature and time regime. Deuterium trapping under atomic 
irradiation is more favorable because the energy cost for D2 dissociation is not needed. 
• The oxygen inlet to the operating gas during the irradiation of zirconium by D-atoms with thermal energies led to 
dramatic intensification of deuterium trapping. It may be caused by an increase of number of dangling bonds O- 
on the surface that, on the one hand, results in adsorption of D-atoms on dangling bonds O- and, on the other 
hand, provokes surface dissociation of D2 with subsequent trapping of deuterium atoms. 
• During the cooling of zirconium sample after irradiation by D-atoms in the deuterium-oxygen gas mixture the 
surface states Zr-D(ɇ) were being created. Besides, the formation of about ~75% of these states was a result of 
D2 dissociation on zirconium oxide after the irradiation, the rest of them was being formed with participation of 
hydrogen isotopes from the underlying surface layers. 
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